Introduction
A central aspect of action development is the acquisition of prospective control (von Hofsten 1993) , the ability to adjust one's actions with respect to future task demands and action goals. In order to complete this forward planning, we need to integrate information about the environment with current and future motor tasks (Ledouit et al. 2013) . Through prospective control, we gain the ability to interact in a seamless manner with an uncertain, and ever-changing, environment. To date, little is known about what type of information infants use to prospectively control their own goal-directed actions.
In order to investigate sensorimotor control processes that guide action, researchers often engage participants in tasks requiring them to lift objects of known and unknown weight. When lifting an object, it is important to scale load force according to the object's weight. To achieve this, multiple sources of information need to be integrated (Nowak et al. 2013) . We know that adults rely on visual information (Buckingham et al. 2009; Buckingham and Goodale 2010a; Cole 2008; Gordon et al. 1991) , sensorimotor memory (Buckingham and Goodale 2010b; Gordon et al. 1993; Mawase and Karniel 2010) , and tactile information (Johansson and Flanagan 2009; Gordon et al. 1991; Johansson and Westling 1988) to prospectively control their lifting actions. All these sources of information are available prior to liftoff. For both visual information and sensorimotor memory (i.e., relying on perceived weight of the previously lifted object), this is self-evident; however, it is interesting to note that tactile information about object weight can also be obtained prior to liftoff-within the brief period (100-200 ms) when the fingers grasp an object. Within this period, there is a large change in grip force before an increase in load force that causes the object to overcome gravity and to move upward (Johansson and Flanagan 2009; Johansson and Westling 1984) . With all of this information, adults are able to provide a good estimate of weight and to prospectively control grip force according to the actual weight of the lifted object (Nowak et al. 2013) .
Studies that have investigated prospective control of lifting actions in infancy have usually highlighted the importance of vision. Early work suggests that 2-but not 1-yearolds are able to prospectively control lifting actions based on weight (Forssberg et al. 1992) . However, more recent work has demonstrated that infants can rely on visual information to estimate weight and to prospectively control lifting actions from a much earlier age. Nine-month-old infants are able to use color cues to estimate object weight and to prospectively scale their load force (Mash 2007) . In this study, 9-to 15-month-olds were provided with light (10 g) and heavy (185 g) objects of different color, and lifting amplitudes were measured during the first 500 ms of lifting. On average, light objects were lifted higher than heavy objects. However, the actual lifting amplitude differed depending on prior experience: During test trials (where the color of light and heavy objects was switched), surprisingly light objects (using a color previously used to indicate heavy weight) were lifted higher (on average 11 cm) than during baseline (on average 7 cm); no such difference was observed during lifting of heavy objects (on average 8 cm in both baseline and test). This indication of prospective control is not unique for color but is also applicable to other visually defined categories of objects, such as cones versus bricks (Mash et al. 2014) . Prospective motor control has not only been demonstrated with respect to overt behavior but also with respect to neural correlates of motor planning (mu desynchronization; Nyström 2008). Marshall et al. (2013) demonstrated differential mu desynchronization for light and heavy objects both prior and during lifting. When reaching for light objects mu desynchronization was larger than when reaching for heavy objects. During lifting, the reversed relation could be observed.
Together, these studies demonstrate that infants can rely on visual information to prospectively control actions, in this case, to scale load force to the perceived weight of objects (Marshall et al. 2013; Mash 2007; Mash et al. 2014) .
The degree to which infants are able to use non-visual sources of sensorimotor information to prospectively control their lifting actions is not known. This is unfortunate, as a richer understanding of the condition in which prospective motor control first emerges is needed. It provides useful clues to the ontogenetic origin of forward-oriented control and informs us about the types of information that the developing action-perception system uses to interact with an uncertain world. The current study investigates how 14-month-old infants lift two objects of different weight (light and heavy) when acting in a certain (where vision is a reliable cue to object weight; here referred to as the different color condition) and in an uncertain environment (where the relation between color and weight changes over time; here referred to as the same color condition). Lifting amplitude of the initial part of each lifting action serves as a measurement for prospective control. In order to better understand the temporal structure of prospective control, we do not apply a fixed time window of analysis (similar to the 500-ms time window used by Mash 2007) . Instead, we detect the first movement unit (von Hofsten 1991 (von Hofsten , 2004 for each individual lift and analyze the amplitude of the upward movement at the end of this phase. In the context of prospective control, the current study is the first to inspect lifting amplitudes with this level of precision. We focus on 14-month-olds, because infants at this age are able to use color cues to estimate the weight of objects (Mash 2007) . We make the following prediction.
(1) Based on Mash (2007) , we expect infants in the different color condition to lift the light object higher than the heavy object. In addition, we investigate whether infants are able to prospectively control their lifting action in the absence of reliable visual information. Several possibilities exist.
(2a) If infants rely solely on visual information, then they should fail to prospectively control their lifting action when visual cues are not present. In this case, we expect infants in the same color condition to lift heavy objects lower and light objects higher than infants participating in the different color condition, see Fig. 2a . That is, applying the same load force to both objects in the same color condition will result in the light object being lifted higher and the heavy object being lifted lower. This alternative is here referred to as the visual hypothesis.
On the other hand, as demonstrated in adults, it is possible that infants use other sources of information to prospectively control their lifting actions. As for adults, it is possible that infants are able to rely either on tactile information during the brief period of contact with the object that precedes the enhanced load force and lifting (Johansson and Flanagan 2009; Johansson and Westling 1984) or on sensorimotor memories (Buckingham and Goodale 2010b; Mawase and Karniel 2010) that maintain the weight of the previously lifted object. The availability of tactile information is ensured by having infants reach for cylinders that are narrow (3.5 cm) and tall (10.1 cm) facilitating translational movements of the object (that might be used to assess weight) during initial contact prior to lifting (see Fig. 1 ). At the same time, sensorimotor memories might play a role given that each weight was presented on several subsequent repetitions before the weight was changed (in a non-predictable manner, see methods for more detail). Studies with adults have demonstrated that these memories are not long lasting and are strongly influenced by the preceding trial (Nowak et al. 2013) . In this case, the probability that the current weight and the prior weight are the same is high (78 %). This leads us to postulate two alternatives to the visual hypothesis.
(2b) If infants are able to use non-visual cues (tactile information or sensorimotor memory) equally well as vision to estimate weight, performance should be unaffected by the removal of relevant visual cues. In this case, . Hypotheses: a the visual hypothesis states that infants in the same color condition lift heavy objects lower and light objects higher than infants in the different color condition; b the non-visual hypothesis states that infants in the same color condition show the same lifting amplitudes as infants in the different color condition; and c the enhanced non-visual hypothesis states that infants in the same color condition lift heavy objects higher and light objects lower than infants in the different color condition. Results: d mean lifting amplitudes (in cm) of the first movement unit as a function of object weight and experimental condition. Error bars indicate the standard error of the mean 1 3 infants should maintain the same lifting amplitudes in the same color condition as demonstrated in the different color condition (larger lifting amplitudes for light than heavy objects) as expressed by a main effect of object weight on lifting amplitude only. This alternative is here referred to as the non-visual hypothesis. For an illustration of this effect, see Fig. 2b .
A final, more speculative, alternative is possible. Studies have suggested that non-visual sensorimotor information is important for object manipulation and can be efficiently used in the absence of visual information (Klatzky et al. 1987; Morrongiello et al. 1994) . It has been shown that adults' tactile object exploration is more elaborated in the absence of visual information (Abravanel 1973) . Accordingly, it might be the case that the absence of visual information heightens infants' sensitivity to non-visual sensorimotor information (tactile information from initial contact with the object on the current trial or from sensorimotor memory about weight obtained during the prior trial). This will result in more load force being applied to heavy objects, and less to light objects, that cannot be visually differentiated. This leads us to our final hypothesis. (2c) If infants pay more attention to non-visual sensorimotor information in the absence of visual cues, then performance might be enhanced by the removal of relevant visual cues. In this case, the heavy object would be lifted higher and the light object would be lifted lower in the same color condition than the different color condition; for an illustration of this interaction effect, see Fig. 2c . Formulated differently, infants should increase their load force toward heavy objects and decrease load force toward light objects in the absence of visual information. We refer to this alternative as the enhanced non-visual hypothesis.
Materials and methods

Participants
The final sample consisted of 30 14-month-old infants (age M = 431 days, SD = 4.79, 12 female), who were randomly assigned to two conditions: same color condition (age M = 432 days, SD = 5.00; 7 female) and different color condition (age M = 429 days, SD = 4.51; 5 female). Additional infants were tested but excluded due to technical problems (n = 1), lack of compliance with inclusion criteria (n = 7, see data analysis for details), or poor-quality motion-tracking data (n = 11).
Participants were recruited from the laboratory's database of parents who expressed interest in participating in research studies with their child. For participation, parents received a gift voucher of 100 Swedish Crowns (≈12 Euro).
Stimuli
Two pairs of cylindrical objects (10.1 cm in height, 3.5 cm diameter) served as test objects (Fig. 1) . Their relative dimensions ensured the availability of tactile information directly after the initial contact. The objects differed in color (blue vs. yellow) and weight (54 vs. 271 g) and were decorated with ribbons similar to the stimuli used by Marshall et al. (2013) . They produced the same rattling sound by shaking and had one reflective marker each for motion tracking attached to it.
Procedure
After a give-and-take game with toys for the purpose of warm-up and to ensure that the infant is able to perform these actions, the infant was placed on the caregivers lap. They sat at a table opposite of the experimenter. First the experimenter placed the heavy object (out of the certain set) in front of the right hand of the parent. The parent lifted the object up, shook it with demonstrative joy, and gave it back to the experimenter. This was done two times to show the action to the infant.
Then the lifting task started (Fig. 1) . The experimenter demonstrated the object by saying, "Look! A toy! Do you want to have it?" and placed it in front of the infant's dominant hand (the hand which is used for eating as per parent report) by saying, "Do you want to lift it up and shake it?" The infant was verbally encouraged to lift and shake the object. The trial ended either when the infant finished the action or after 10 s has passed. At that point, the experimenter held her open hand toward the infant and asked for the object. If the infant was not giving it back, the experimenter delicately took it. This was done for 24 trials subdivided into three blocks (each containing eight trials). Every block consisted of 4 (±1) trials with the heavy object in the beginning and further 4 (±1) trials with the light object.
There were two conditions. In the same color condition, either both blue or yellow objects were used (colors were counterbalanced). In the different color condition, a blue and a yellow object were used (color-weight combination was counterbalanced). In both conditions, one object was light and the other object was heavy.
Data recording
Data were recorded with a motion-tracking device (Qualisys Motion Capture Systems, Gothenburg, Sweden) with a sampling rate of 240 Hz. An 8-camera motion capture system was used to identify and track the motion of the reflective markers attached to the object (0.6 cm in diameter). Initially infants also had one marker attached to the hand (ten from the same color condition and nine from the different color condition); these markers were subsequently removed in order to reduce the dropout rate due to infants' irritation (6.06 % with and none without the marker on the hand) and to increase the number of usable trials. Additionally, the session was filmed by two video cameras from the side and from a bird's-eye view.
Data analysis
Videos were coded for different kind of movements (lifting, throwing, rolling, shifting, pushing, shaking) and handedness. Only the lifts of the child's dominant hand that were followed by a shaking movement were included, to rule out differential effects of handedness or prospective aspects of goal planning (reaching with the intention to place an object results in different movement patterns than reaching aimed toward an object that is intended to be thrown away; Claxton et al. 2003) . Infants who accomplished at least half of the procedure (12 trials) and delivered useable data of at least two consecutive lifts with different weighted objects were included in data analyses. On average, infants contributed 7 out of 12 trials per object, resulting in 14 out of 24 trials in total.
Vertical position and derived vertical velocity profiles were displayed for every single child using a custom MAT-LAB script. The first movement unit started at the onset of the object's upward movement, lasting one acceleration and deceleration phase of the velocity profile (von Hofsten 1991 (von Hofsten , 2004 , in the vertical dimension. Lifting amplitudes at the end of the first movement unit were manually detected based on velocity profiles derived from vertical position data of the marker on the object (Fig. 3) . The force applied during this initial part of each lifting action, operationalized as the amplitude of the object (similar to Mash 2007) at the end of this initial upward movement, reflects prospective control, whereas subsequent movement units involve corrective components derived from sensorimotor feedback and error signals in the internal forward model. To further assess force, we cautiously inferred load force during the first movement unit using the following formula: force [N] = mass [kg] * acceleration [m/s 2 ] , while assuming a parabolic lifting movement, amplitude [m] 
Including the force of gravity, an estimation of the force the infants are applying to lift the object upward results in the following formula: Force = Force lift + Forcegravity , assuming constant force during this phase and no force loss during the movement.
In order to test the three hypotheses, average lifting amplitudes related to both weights were calculated for every participant, resulting in two values per participant. A 2 × 2 repeated measurement analysis of variance (ANOVA) with weight (within-subject variable) and condition (between-subject variable) for lifting amplitude at the end of the first movement unit was conducted. Additionally, two t tests were conducted to further investigate the characteristics of the interaction between object weight and condition on lifting amplitude. A multiple-comparison correction proposed by Benjamini and Hochberg (1995) was applied.
Results
A main effect of object weight demonstrated that infants lifted light objects, mean difference (MD) = 11.69 cm (SD = 3.96), higher than heavy objects, MD = 8.33 cm (SD = 3.21), within the first movement unit, F(1.28) = 21.56, p < 0.001, η 2 = 0.44. In addition, the ANOVA demonstrated a significant interaction between weight and condition, F(1,28) = 5.76, p = 0.023, η 2 = 0.17 (Fig. 2d) , indicating a different lifting pattern in the first movement unit for both conditions. This suggests a rejection of the non-visual hypothesis and speaks instead-as performance is not the same for both conditions-for either the visual hypothesis or the enhanced non-visual hypothesis. The direction of the interaction effect is consistent with the enhanced non-visual hypothesis (see Fig. 2 ). Multi-comparison-corrected t tests additionally revealed that infants in the same color condition lifted heavy objects higher as compared to infants in the different color condition, MD = 2.12 cm (SD = 1.23), t(28) = 1.89, p = 0.069 (two tailed). While this difference was marginally significant, favoring the enhanced non-visual hypothesis, there was no significant difference concerning light objects, t(28) = 0.94, p = 0.357 (two tailed).
The cautious inference of load force indicated that infants applied different amounts of force to heavy and light objects in both the same color condition, force heavy = 2.82 N (SD = 0.11) and force light = 0.57 N (SD = 0.02), and the different color condition, force heavy = 2.85 N (SD = 0.13) and force light = 0.59 N (SD = 0.04).
Discussion
This study investigates the use of sensorimotor information for prospective control during object manipulation in an uncertain environment (where vision does not provide reliable cues to weight). What we found was the following: When prior visual information on weight was available (different color condition), infants lifted light objects higher than heavy objects, in accordance with our first prediction. Infants are able to prospectively control their lifting action and to apply a different amount of force to lift objects that are clearly heavy or light.
During the same color condition, in which visual information could not be used to assess object weight, infants showed a different lifting pattern than what was observed in the different color condition. This significant interaction does not correspond with the visual hypothesis (suggesting a larger difference between heavy and light objects than what was observed in the different color condition) or with the non-visual hypothesis (suggesting the same lifting amplitudes for both conditions).
The rejected non-visual hypothesis states that infants could complete the task equally well in the absence of relevant visual information, whereas the supported enhanced non-visual hypothesis states that infants become more sensitive to the actual weight when visual cues are removed, that is, lifting heavy objects higher and light objects lower in the same color condition than the different color condition. Infants seem better able to adjust their load force in accordance with the actual weight of the object when they cannot rely on visual information. From this, we can conclude that infants are able to prospectively control their actions and to scale their load force according to the weight of objects even in the absence of visual information differentiating heavy from light objects. This cautiously suggests that the absence of visual information may heighten infants' sensitivity to other forms of information that provide more reliable cues about the actual weight of the tobe-lifted object.
As stated above, there are two primary sources of nonvisual information that might be used to prospectively control actions. Infants might rely on tactile information and perceive the weight of the object proprioceptively prior to lifting (during a period of enhanced grip force prior to lifting; Johansson and Flanagan 2009; Gordon et al. 1991; Johansson and Westling 1988) . Another option is that infants maintain a sensorimotor memory based on the preceding lift to make a fair assumption about the current weight (Buckingham and Goodale 2010b; Gordon et al. 1993; Mawase and Karniel 2010) . These options are not mutually exclusive, and more research is needed to investigate whether infants solely rely on one or a combination of the two.
That infants might perform more efficiently in the absence of reliable visual information on object weight becomes highly interesting in light of findings demonstrating dominance of visual information over other sources of information (e.g., Cole 2008; Buckingham and Goodale 2010b; Forssberg et al. 1992; Gordon et al. 1991) and of the repeated demonstration that infants also rely on vision to estimate object weight (Marshall et al. 2013; Mash 2007; Mash et al. 2014) . It has been shown that adults tend to rely on vision during object exploration, but that their tactile exploration behavior is more elaborated in the absence of visual information (Abravanel 1973) . In line with this finding, Klatzky et al. (1987) argue against the dominance of vision, stating that the tactile system provides similarly rich amount of information as the visual system. Morrongiello et al. (1994) compared how blind and blindfolded children with typical vision (aged from 3 to 8 years) explore objects, demonstrating that both groups do not differ in their performance, indicating that previous visual experience is not essential for tactile object manipulation. Together this research shows that sensorimotor information is important for object manipulation and can be efficiently used in the absence of visual information. The current study demonstrates that sensorimotor information can be used by infants to assess object weight and prospectively control lifting.
One alternative interpretation of the results might be that infants apply a default strategy in an uncertain environment, that is, they apply the same force to both heavy and light objects when color is no longer a reliable cue for object weight. This would inevitably result in lower lifts for heavy than for light objects. One way to test this alternative suggestion is to cautiously infer load force using a force calculation while assuming constant acceleration and no force loss during the movement, as stated in the methods and results sections. According to this estimation, infants applied different amounts of force to heavy and light objects in both conditions. Based on this, it seems unlikely that infants simply apply a default strategy, further strengthening the suggestion that infants rely on non-visual cues and that their performance might even be enhanced in the absence of reliable visual information.
Some caveats should be noted. First of all, a substantial number of infants had to be excluded from the analysis (39 %). This is often the case with infancy research. Depending on the measurement and the experimental paradigm, exclusion rates up to 50 % are common in infancy research due to fussiness and habituation. Compared with adults, infants have a shorter attention span and less tolerance for experimental procedures. Secondly, due to the characteristics of infancy research outlined above, we opted for a design that ensured a large number of trials per condition. This included using a between-subject design with a semi-fixed presentation order (each block starting with heavy objects and switching over to light after a predetermined number of trials). Last but not least, the significant interaction effect between condition and weight supports the enhanced non-visual hypothesis; however, one of the follow-up multiple-comparison-corrected t tests did not reach trend-level significance. Consequently, our interpretation seems to apply especially for lifting of heavy objects and has to be treated more cautiously in the case of light objects. Future studies should address this research question using a large sample of infants, a within-subject design, and a randomized presentation order.
In summary, this work demonstrates that 14-month-olds use non-visual cues to prospectively control their objectrelated actions. In the absence of relevant visual information, infants might plan their actions even more efficient due to their heightened sensitivity to either tactile information or sensorimotor memory of weight. We conclude with stating that infants by the age of 14 months have an impressive ability to control their actions prospectively and that infants can rely on several different sources of information to assess object properties. By using the first movement unit of the lift instead of a fixed time criterion, we introduce a new measurement for investigating prospective motor control in the context of object manipulation. Future research has to separate out the unique contribution of both tactile information and sensorimotor memory and also to gain a better understanding of how these processes interact with visual information to provide a rich understanding of the world.
